Introduction
The determination of the abundances of the elements is a fundamental problem of astrophysics. In this paper we present results for the relative solar flare abundances of argon and potassium to calcium, and the relative abundance of calcium to iron. Absolute abundances are obtained by adopting either a photospheric or coronal iron abundance. The abundance measurements are made from X-ray spectra of solar flares.
In the last several years, X-ray spectra of unprecedented high spectral resolution have been obtained from Bragg crystal spectrometer experiments flown on the US Department of Defense P78-1 spacecraft, the NASA Solar Maximum Mission (SMM) spacecraft, and the Japanese Hinotori spacecraft. These experiments are described by Doschek, Kreplin & Feldman (1979, P78-1) , Acton et al. (1980, .SMM), and Tanaka (1983, Hinotori) . The abundance measurements reported in this paper were made using flare spectra obtained by the US Naval Research Laboratory (NRL) experiment on P78-1.
2 The X-ray spectra Briefly, the NRL experiment consists of four Bragg crystal spectrometers that cover narrow wavelength ranges. The ranges are: 1.82-1. 97, U. Feldman and J. F. Seely Germanium crystals (2d=4.00Á) are used for the short-wavelength crystals; the longwavelength crystal is ADP (2d=10.64Â). The crystals are flat and uncollimated. They are mounted on a common shaft that steps the crystals through Bragg angle increments of 20". The step rate for the data discussed in this paper is eight steps per second, and the entire spectral range is scanned in 56 s. The diffracted X-rays are collected by argon-and xenon-filled proportional counters with beryllium windows. The spectral resolution of these instruments is considerably higher than the resolution of most of the instruments flown previously (e.g. Doschek 1972; Veck & Parkinson 1981) .
One of the programmes undertaken with our data involves summing individual spectral scans in order to improve the signal-to-noise ratio of relatively strong lines and to detect weak lines that might not be noticed in single scans. In order to remove possible spectral variations with time from the summed results, the data are summed near times of peak emission from the flares, when conditions are changing rather slowly, and for selected time intervals during the decay phase, for flares with relatively long decay times. These summed spectra have revealed the presence with good statistics of many weak lines, and among these are the argon and potassium lines that we shall discuss.
The argon line (1s 2 -1s5/? used in the present analysis only appears under certain conditions regarding the solar pointing of the spectrometers and the location of the flare on the Sun. This is because of the narrow wavelength range covered % by the spectrometers. If the spectrometers are pointed directly at a flare, the wavelength of the argon line falls outside the observable wavelength range. As a result, only one summed spectrum is available that contains the argon line. However, this spectrum is the sum of eight individual spectra of an intense flare, and the signal-to-noise ratio of the line is quite good. (Other argon lines observed by the spectrometers are weaker than the line used and furthermore are either blended with other lines or fall in a region where the presence of weak lines makes the determination of the continuum difficult.)
The potassium line used in this work falls well within the wavelength range of the spectrometer. Data for this line were obtained from six summed spectra. Seventy-two individual spectra were summed to obtain the summed spectra.
The calcium to iron line ratio was obtained from four of the summed spectra containing 54 individual spectra. This ratio was also measured from eight individual spectra, not included in the summed spectra, as a check on the summation process.
Finally, we note that summing different spectra does not result in smoothing or averaging the data because the spectrometer step sizes are very reproducible. The summed spectra have the same spectral resolution as is apparent in individual spectra. Fig. 1 shows summed spectra in the region of the resonance lines of He-like and H-like calcium, for the case where the Arxvn line used in this analysis is observed. The strong features in these spectra are well-understood, i.e. the He-like and H-like Caxix and Caxx lines and their associated satellite lines of lower ionization stages (e.g. Bely-Dubau et al. 1982a; Blanchet et al. 1984) . In addition to these lines, note the weaker lines due to He-like and H-like argon and He-like potassium. The potassium line is much weaker than the calcium lines because of the low potassium abundance, while the argon lines are much weaker than the calcium lines primarily because they arise from levels of high principal quantum number . Because the argon and calcium lines that we use for the abundance ratio are quite close in wavelength, the instrumental efficiency is the same for these lines, thereby eliminating a possible source of error in measuring line intensities. In the case of the potassium to calcium ratio, and the calcium to iron ratio, spectra from two spectrometers are used. However, the detector efficiencies have been measured in the laboratory at NRL and the reflectivities of the crystals have been obtained from Burek (1980, private communication) . Our measurements of relative abundances, derived below, are compared with previous results obtained by Veck & Parkinson (1981) , Ross & Aller (1976), and Lambert & Luck (1978 In all of the following discussion, we assume that the flare plasma is in ionization equilibrium. This assumption should be valid for spectra obtained during peak emission or during the decay phase of relatively long-lived flares (^10min). The flux at Earth (photons cm _2 s _1 ) of a spectral line of a particular ion is given by,
where A e =electron number density, A z =ion number density of an ion with z electrons removed, C gM =electron impact excitation rate coefficient (cm 3 s _1 ) from the ground level g to an upper level u, ör r =radiative recombination rate resulting in excitations of level u from ion A^z +1 , ör d =dielectronic capture resulting in 'satellite' lines in ion A z _! that fall at almost the same wavelength as the line under discussion (see Bely-Dubau et al. 1982a ) , B/=branching ratio from the upper level to the lower level of the transition, R = 1 au, and AL=the volume of plasma over which the line is formed. For the lines under consideration here, the population density of excited states is negligible compared to the ground state, and the population of the ground state is to a very high approximation the ion population. In addition to the processes just mentioned, the upper level can be populated by direct excitations to, or recombination into, levels above w, followed by cascade into u. These processes, including the terms involving a x and a á in equation (1), generally contribute much less to the total line intensity than direct excitation, as will be seen below.
The ion population may be expressed as,
where N E =number density of the element, and A H =hydrogen number density. For high-temperature flare plasmas, A H /Ne-0.8. We further define A=N E /N H as the element abundance relative to hydrogen. The quantity C gu can be written in terms of the collision strength as,
where AE gu =the transition energy, ¿¿> g =the statistical weight of the ground state, r e =electron temperature, /c=Boltzmann's constant, and =collision strength. For the argon and potassium lines, collision strengths were obtained from Sampson, Parks & Clark (1978) . The Caxix rate coefficients were obtained from Bely-Dubau et al. (1982a) and . The Caxx rates were obtained from Blanchet et al. (1984) , and the Fexxv rates were obtained by Bely-Dubau et al. (1982b) . These rate coefficients include the effects of cascades from upper levels and other small contributions to the line intensity mentioned above.
The term involving C gu in equation (1) (5) where T em is the measured temperature. In a similar fashion, a function H can also be defined for the less important line-forming mechanisms. For example, for direct radiative recombination into level w, H(T em ) = (N z+l /N E )a r B h where a T is the direct radiative recombination rate coefficient (cm 3 s -1 ).
The temperatures T em for the measurements involving the Ca xix lines are obtained from the ratio of a dielectronic line of Ca xvm to the resonance line of Ca xix as described by Bely-Dubau et ai (1982a) . This is a very accurate means of estimating the average temperature of formation of the Caxix lines. The average temperature for the Caxix resonance line will also be the average temperature for the argon and potassium lines that we have chosen, since all three lines have nearly identical H(T em ) functions. This also means that our derived abundances will not depend on the temperature structure of the plasma, i.e. emission measure distribution, which is not well known over a large temperature range. A similar comment applies for the Lya Ca xx lines and the Fe xxv resonance line, i.e. their H(T em ) functions are nearly identical over the temperature range where Fexxv is formed in flares. The temperature of formation of Fexxv can be found using dielectronic lines of Fexxiv and Caxix (Bely-Dubau et al. 1982b; Blanchet et al. 1984) .
To obtain N 2 /W E , we used the calculations of Jacobs et al. (1980) for calcium and Jacobs & Duston (1984, private communication) for argon, and interpolated results for potassium using the calcium and argon calculations as well as the calculations by Jacobs et al. (1979) for sulphur. For iron we used the results in Jacobs et al. (1977) .
As mentioned, recombination into excited levels is not nearly as important as direct collisional excitation. Fig. 2 shows H(T &xn ) as a function of temperature for the Ar xvn and Ca xix lines due to several processes, as well as the total effective excitation rate. For Arxvn, excitation of the Is 5/? 3 P X level can result in a transition to the Is 2 l S 0 level, but the branching ratio is small. This line would appear blended with the line from Is 2 ^q-Is 5p l P l . To estimate the importance of this effect we used the Is 2 ^q-Is 5/? ^ collision strength given by Sampson et al. (1978) , and to calculate the branching ratio we used the data compiled by Fuhr et al. (1981) and the transition probabilities published by Vainstein & Safronova (1978 . The radiative recombination rate for Ar xvii was calculated from Burgess (1964) , assuming that recombinations between the singlet and triplet states are distributed according to statistical weight. The rate used is the direct rate into the \s5p l P x level. For Caxix, the effective collisional excitation and recombination rates for production of the resonance line of Caxix were obtained from . In addition, satellite lines produced by dielectronic recombination can contribute to the Caxix resonance line. The effective rate for these lines was obtained from Bely-Dubau et al. (1982a) . It can be seen from 
The emission measure term in equation (4) does not appear in equation (6) because it is the same for both lines. The lines are designated by subscripts 1 and 2 in equation (6). Since the H(T em ) functions have nearly the same functional dependence on temperature for both lines for r e >14xl0 6 K, R is not very sensitive to temperature and depends primarily on atomic G. A. Doschek, U. Feldman and J. F. Seely parameters and element abundances. The intensity ratios divided by the ratios of element abundances are shown in Fig. 3 . Note that the variation of the line ratios with temperature is very slight for all but the Ca xx/Fe xxv ratio, so that even if the temperature could not be determined, the abundance ratios could still be determined with a fair degree of accuracy. Above about 14xl0 6 K, the Ca xx/Fe xxv ratio variation is also very small.
The calcium to iron abundance ratio is obtained from the line ratio, Caxx Lya/Fexxv {Is 21 Sq-\s2p 1 Pi). Over the temperature range from 13 to 25xl0 6 K, the theoretical line ratio should vary by only a factor of 1.3. For the data we examined the theoretical ratio should be about 1.5. We have averaged several measurements of this ratio for the purpose of determining a calcium to iron abundance ratio. We have corrected the measured calcium and iron line intensities for the effects of close satellites, as described by Bely-Dubau et al. (1982b) , and also have included the effects of recombination and cascades as calculated by Bely-Dubau et al. (1982b) and Blanchet et al. (1984) . For Ca xx, it is difficult from Blanchet et al. (1984) to calculate the contribution of close satellite lines to the Lya lines. We assume a contribution of 10 per cent. The contribution to the Fe xxv line, which has much stronger satellites, is only about 25 per cent. Finally, the absolute abundances can be determined from line to continuum ratios. This is the method used by Veck & Parkinson (1981) . The continuum flux can be calculated from the measured temperature T em using either the expressions in Culhane & Acton (1970) or Mewe & Gronenschild (1981) . It turns out that the temperature dependence of the Caxix resonance line to continuum ratio is also negligible over the temperature range between about 8xl0 6 K and 20x 10 6 K. This is because the fractional ion abundance (N Z /A E ) does not change much over this range. Unfortunately, as will be discussed in the next section, it is only possible with our data to obtain a lower limit to the absolute calcium abundance, using line to continuum measurements.
Results
From the summed spectra, the average measured line ratios are given in Table 1 . The measured ratios R can be combined with Fig. 3 to give the element abundances ratios, which are also given in Table 1 . By combining the potassium data, the average potassium to calcium abundance ratio becomes 0.12. In order to examine the range of abundance values that can be obtained, we calculate absolute abundances for two values of the iron abundance: the photospheric iron abundance Table 2 , and are compared with photospheric abundances given by Ross & Aller (1976) and Lambert & Luck (1978) , and flare abundances given by Veck & Parkinson (1981) . Inspection of Table 2 shows that our flare abundances are in reasonable agreement with the flare abundances given by Veck & Parkinson (1981) for argon and calcium, but are somewhat larger than the photospheric abundances for all three elements. Before discussing the possible implications of our results, we comment on the uncertainties in the measurements. Uncertainties in the abundance ratios arise from the statistics of weak lines and theoretical uncertainties. The statistical uncertainties of weak line intensities are ±15 per cent, based on the standard deviation of measurements of several summed spectra. The statistical uncertainties of strong lines are negligible in comparison to weak lines because of their very large counting rates.
The theoretical uncertainties are more difficult to assess quantitatively. In particular, since similar theoretical parameters are used to deduce both the numerator and denominator in equation (6), an overestimate (underestimate) of a quantity in the numerator would very likely occur with a similar overestimate (underestimate) of a corresponding quantity in the denominator, Thus, the theoretical uncertainty in R is most likely less than the theoretical uncertainty in the numerator of equation (6). This should be true if the calculations of ionization fractions and excitation rates used to evaluate the numerator and denominator are obtained from the same sets of calculations, as is the case here.
From comparisons of excitation rate coefficients of He-like ion transitions calculated by Sampson et al. (1978) with calculations by Bely-Dubau et al. (1982a) (see fig. 2 in Bely-Dubau et al. 1982a) , the uncertainty in excitation rate coefficients of the type used in this paper is about ± 10 per cent. A similar result is obtained by comparing these calculations with the calculations of Mann (1977, private communication) , for the ls 21 S 0 -ls2p 1 Pi Caxix transition.
A larger uncertainty might be expected for the ratio of ionization fractions, N Z /N E . For the argon, potassium, and He-like calcium lines, different calculations of the fractions N Z /N E give almost identical results, because the ions are He-like and have very large abundance values at flare temperatures, e.g. -0.8. In other words, the peak abundance values of He-like ions are the same to within a few per cent for different ionization equilibrium calculations (e.g. compare Jacobs etal. 1980; Doyle & Raymond 1981; Raymond 1985, private communication; Arnaud & Rothenflug 1985) . The case of Caxx might appear to be different, however. At the flare temperature considered here, only about 13 per cent of calcium is H-like. A large uncertainty in the calcium to iron abundance would produce the same uncertainty in the absolute abundances in Table 2 . However, we have compared the fractional abundance ratio of Ca xx to Fe xxv using the calculations of Jacobs et al. (1977 Jacobs et al. ( , 1980 , Doyle & Raymond (1981) (Raymond 1985, private communication) , Arnaud & Rothenflug (1985) and Landini & Monsignori-Fossi (1972) . The last calculation is based on the early work of Jordan (1969 Jordan ( , 1970 and the other calculations are improvements to these earlier calculations because of better calculations of dielectronic recombination rates. However, very little difference is found for the Ca xx/Fe xxv ratio for any of the calculations. At a temperature of 20xl0 6 K (typical of the flares considered here), the Ca xx/Fe xxv fractional ion abundance ratios are: 0.12/0.54=0.22 (Doyle & Raymond 1981 ), 0.13/0.66=0.20 (Jacobs et ai 1977 ), 0.15/0.63=0.24 (Arnaud & Rothenflug 1985 , and 0.10/0.52=0.19 (Landini & Monsignori-Fossi 1972) .
From the above considerations, we adopt a theoretical uncertainty of ±20 per cent. Combining this with the statistical uncertainty leads to a total uncertainty in abundance ratio of ±25 per cent.
Absolute abundances can be obtained without adopting an iron abundance by using the Ca xix line to continuum ratio. Unfortunately, an unknown source of scattered radiation contaminates the continuum, because the intensity ratio of the continuum near the Fexxv lines (-1.85Â) to the continuum near the Ca xix line is unrealistically high. However, if all the Ca xix spectrometer continuum is assumed to be real, then a lower limit to the absolute calcium abundance is log A(Ca)=6.35, the Ross & Aller (1976) value. We prefer instead the calcium abundances given in Table 2 .
Discussion
There are reasons to believe that there may exist real differences among photospheric and coronal abundances (e.g. Delache 1967; Tworkowski 1975; Meyer 1985) . These differences may result from processes such as thermal diffusion (e.g. Tworkowski 1975) and ambipolar diffusion (Veck & Parkinson 1981) . If these processes operate, not all elements are expected to have different photospheric and coronal abundances, however. A detailed discussion of differences in abundance among photospheric and coronal regions, the solar wind, solar energetic particles, and galactic cosmic rays is given by Meyer (1985) . According to Meyer, those elements with first ionization potentials (FIP) less than 9eV are more abundant relative to those elements with FIP>9 eV in the corona than in the photosphere. We note that potassium and calcium are in this context defined as low FIP elements, and that argon is a high FIP element. Inspection of Table 1 shows that the argon to calcium and potassium abundance ratio is less in the flare plasma than in the photosphere, as expected according to Meyer (1985) . However, the absolute abundances of potassium and calcium are greater in the flare plasma than in the photosphere.
It is not at all clear that element diffusion mechanisms, assuming for the moment that they really are effective in producing abundance differences, would operate in a flare in a manner similar to their operation in the quiet Sun or active regions. For instance, it is known that a high degree of turbulence or random mass motions exists during the soft X-ray flare rise (e.g. see Doschek et al. 1979) . These mass motions might disrupt an otherwise effective diffusion mechanism.
Recently, Sylwester, Lernen & Mewe (1984) have reported variations of the calcium abundance during flares, based on X-ray flare spectra obtained from the crystal spectrometer experiment on the Solar Maximum Mission (SMM) spacecraft. If such variations exist, they might tend to be averaged out in the process of summing spectra. However, we note that the Caxx to Fexxv intensity ratio, which is used to place our relative abundances on an absolute scale, does not show non-instrumental variations in even single spectral scans, regardless of where the spectra are obtained during the course of the flare. An actual abundance variation would not obviate our technique for deriving abundances, since presumably ionization equilibrium would still be valid. Sylwester et al. (1984) rule out non-ionization equilibrium as an explanation of their results.
In summary, we believe that a real difference between photospheric and coronal flare element abundances may exist for argon, potassium, and calcium. However, the differences are only a factor of 2-3. Because the differences are small, further observational work is required to verify these results and to examine the situation for other elements as well. A Bragg crystal spectrometer experiment, dedicated in part to the element abundance question, is clearly desirable. Such an instrument should have scattered light and other effects well under control so that meaningful continuum measurements can be made. The spectral resolution should be high so that temperatures can be derived from dielectronic satellite lines. A crystal that is possibly superior to the germanium and other crystals used in our experiment and the SMM experiment is InSb, suggested recently to us by Richard Deslattes at the National Bureau of Standards.
